The conventional regression method for partitioning heat production (HP) in growing animals between HP associated with either maintenance or growth assumes maintenance HP to be independent of feeding level (FL). However, there are indications that this assumption is not correct and an alternative method is proposed in this study from a reanalysis of 3 trials.
Introduction
The response of energy retention (or HP 6 ) of a growing animal to ME intake is often represented as a 2-stage linear model (1, 2) . The breakpoint between both phases (when retained energy is null) is assumed to be an estimate of ME m , whereas slopes for ME intake below or above ME m are indicative for the efficiencies of using ME intake for maintenance (relative to k m ) and growth (efficiency of using ME for growth), respectively. In this conventional model, the intercept of the relationship (of which the absolute value is equivalent to the extrapolated HP at zero energy intake) and ME m are determined using data obtained with animals receiving different ME intakes and they are then considered to be constant, irrespective of the ME supply to the animal. Nevertheless, FHP after a fed period, which is indicative of ME m , depends on the previous FL (3) (4) (5) . Therefore, the traditional assumption of a constant ME m that is independent of ME intake may be wrong. It should also be argued that the distinction between catabolic and anabolic stages (for ME intake lower or higher than ME m ) is arbitrary and does not reflect biological mechanisms; the transition between both stages may be more progressive than a breakpoint between 2 linear phases (6) . The objective of this paper was to reexamine data from 3 recent experiments on veal calves (7) and growing pigs (3, 8) to propose a new method for analyzing the relationship between HP and ME intake, resulting in calculating novel estimates of ME m and efficiency of ME utilization.
Materials and Methods
The experiments complied with the French law on animal experimentation and ethics and were conducted under the direction of J. Noblet and J. van Milgen, both authorized by the French Ministry of Agriculture and Fisheries (authorization nos. 04739 and 7704).
Experimental designs. The 3 experiments in veal calves and growing pigs were originally designed to determine the effects of feeding practices (FL and/or nutrient composition) on HP and protein and fat retention. In each experiment, pigs and calves were individually placed in an opencircuit respiration chamber (9) for measuring HP and calculating protein, fat, and energy balances during 6 consecutive days. Then, pigs and calves spent an additional day in the chamber without receiving feed to determine their FHP.
The experiment in veal calves (trial 1) was conducted to determine the effects of 4 FL of milk replacer on HP of male Prim'Holstein veal calves during 3 stages of fattening (mean BW: 73.4, 151.6, and 237.4 kg, respectively). Measurements were conducted on 4 calves per FL and per stage during 4 consecutive weeks. One grower diet (used during stage 1) and one finisher diet (used during stages 2 and 3) (Supplemental Table 1 ) were formulated (7) so that protein intake was not the first limiting factor for protein deposition (10) . The 4 FL were calculated as 77, 84, 92, and 100% of a daily ME allowance, which was close to the ad libitum level and equal to 0.71, 0.67, and 0.61 MJ ME/(kg BW 0.85 × d) during stages 1, 2, and 3, respectively. In trial 2, 1 diet (Supplemental Table 2 ) was offered to 6 Piétrain 3 (Landrace 3 Large White) barrows (mean BW during measurements, 70.8 kg) at 3 FL calculated as 60, 80, or 100% of their estimated ad libitum feed intake level [2.60 MJ ME/(kg BW 0.60 × d)] during 3 successive periods according to a crossover design. In trial 3 in growing pigs, a basal diet (P1) ( Table 2 ) was formulated and offered at a FL equal to 1.70 MJ ME/(kg BW 0.60 × d). Additionally, 4 other diets were formulated by combining the basal diet and a dietary supplement that provided ME from starch (P2), 50% starch plus 50% unbalanced protein (P3), 50% starch plus 50% balanced protein (P4), or 50% starch plus 50% lipid (P5). Diets P2 through P5 were offered at a FL of 2.55 MJ ME/(kg BW 0.60 × d). Each diet was fed to 5 to 6 Piétrain 3 (Landrace 3 Large White) barrows (mean BW, 60.1 kg). Additional details are provided by Labussière et al. Measurements in respiration chambers. Measurements of DMI (time and ingested quantity at each meal), collection of feces and urine, and sampling procedures of feed, feces, and urine in veal calves (7) and pigs (3, 8) were performed according to standard methods (11) . Measurements of HP in a fed state were performed in two 12-m 3 open-circuit respiration chambers (9) during 6 consecutive days. On d 7, pigs and calves remained in the respiration chamber for the measurement of FHP and they received no feed during the whole day (pigs) or during the second part of the day (calves) (i.e., after the morning meal). The dioxygen, carbon dioxide, and methane concentrations of outgoing air of the chamber, gas extraction rate, and physical activity were measured according to methods developed in our laboratory (12, 13) .
Chemical analyses. Samples of feed were analyzed for DM, ash, N, crude fat, and GE contents in all trials, for lactose content (in trial 1 in veal calves), and for starch content (in trials 2 and 3 in pigs) (14) . Samples of feces were analyzed for DM, ash, N, and GE contents (14) and samples of urine were analyzed for N and GE contents (14) .
Calculations. The ME intake was calculated as the difference between energy intake (GE 3 DMI) and energy lost in feces, urine, and methane. Daily HP was calculated from daily volumes of consumed dioxygen and produced carbon dioxide and methane and urinary N (15). Additionally, HP was partitioned between components due to feed intake (TEF), physical activity (AHP), and basal metabolic rate (FHP) according to a modeling approach (13, 16 ) (Supplemental Fig. 1 ) of variations of dioxygen and carbon dioxide concentrations of the air in the chamber during fed and feed-deprived days. The FHP corresponded to the horizontal asymptotic value of the decreasing HP during feed deprivation and the residual HP during the fed day was partitioned between AHP and TEF. Additionally, data were corrected so that a constant amount of ME was dissipated as AHP c (7.9% of ME in trial 1, 7.6% of ME in trial 2, and 7.8% of ME in trial 3). The difference between actual AHP and AHP c resulted in a variation (positive or negative) of ME available for maintenance and growth, of which a proportion (TEF%) was dissipated as TEF. Added to the measured TEF, this resulted in a TEF c . It was hypothesized that the proportion of ME minus FHP and AHP that was dissipated as TEF was constant. The TEF% was therefore calculated as the ratio between measured TEF and ME minus FHP and AHP. The HP c was calculated as the sum of FHP, AHP c , and TEF c . All data were expressed relative to metabolic BW, which was calculated as BW 0.85 for veal calves (17) and BW 0.60 for pigs (18) . For each measurement, the heat increment between the feed-deprived and fed states was calculated as the difference between HP c and FHP (i.e., the sum of AHP c and TEF c ). The HP c and FHP were plotted for each animal against ME intake (with ME = 0 for FHP) (Fig. 1) . The slope of the line connecting HP c to FHP as a function of ME intake is equivalent to the heat increment divided by ME intake. Its complement corresponds to the overall k mg . The ME m estimate was calculated as FHP divided by k mg .
Statistics. For trial 1 in veal calves, the data were analyzed for the effects of FL, stage of growth, their interaction, and the week of measurements within one stage (PROC GLM) (19) . As the effect of week of measurements within a stage can be considered as a refinement of the effect of stage, it will not be described in detail here. For trials 2 and 3 in pigs, the data were analyzed for the effects of FL and period (trial 2) and for the effect of diet (trial 3; PROC GLM) (19) . In each trial, LS-means were compared using a Student's t test. Also, orthogonal contrasts for comparing the basal diet (P1) to the supplemented diets (P2-P5) were calculated for trial 3. P , 0.05 was considered significant.
For trial 1 in veal calves, HP c , FHP, and ME m values were regressed against ME intake over the 6-d fed period; a similar regression between FHP or ME m and ME intake was performed for the 2 trials in pigs with trial as a main effect in a covariance analysis model. The regression between HP c and ME intake corresponds to the conventional regression used to calculate maintenance ME requirements (1). Regression was calculated only for trial 2 because there were only 2 levels of ME intake in trial 3 (PROC GLM) (19) . For each trial, the HP c when fed and FHP values were combined and expressed as a function of ME intake (0 for FHP values) ( Fig. 1 ) in a covariance model with the effects of FL, stage of fattening, and their interaction in trial 1, FL in trial 2, or dietary treatment in trial 3 (PROC GLM) (19) .
The Eq. 3 was originally designed to calculate the specific energetic efficiency of each dietary nutrient (8) using the following PROC NLIN model (19) :
where i = dietary ingredients (corn gluten, casein, starch, or lipid) and HP c and FHP are expressed in kJ/(kg BW 0.60 . d); f basal or f i is the fraction of basal diet or each dietary ingredient i; and ME basal or ME i is the ME content of the basal diet ( Complete results of these 3 trials are presented elsewhere (3, 7, 8) .
Results
Veal calves. According to the experimental design, daily ME intake increased (P , 0.01) between extreme FL but decreased as calves got older (P , 0.01) ( Table 1) . Total HP significantly increased between extreme FL but was lower during stage 3 than during stages 1 and 2. Among HP components, FHP increased when FL increased (P , 0.01) and was lower during the 3rd stage than during the 2 previous stages. The TEF was lower at the lowest FL than at other feeding levels (P , 0.01) and was not affected by stage of fattening. The AHP was not affected by FL or stage of fattening. The ME m increased when FL increased (P , 0.01).
When the data were corrected for the same AHP c :ME ratio between animals, the TEF c :ME ratio and k mg were constant irrespective of FL and stage of fattening. In the covariance analyses ( Table 2) , the FHP and HP c increased when ME intake increased (Eq. 1 and 2). Additionally, the extrapolated value of HP c at zero ME intake from Eq. 2 was much lower than the measured FHP values. The calculated ME m from Eq. 2 (Table  2 ) equaled 240 kJ/(kg BW 0.85 × d) and the efficiency of using ME for growth (i.e. the complement of the slope) equaled 60%. The slope of the alternative regression between HP (HP c or FHP) and ME intake presented in Figure 1 ( Growing pigs. In trial 2 in pigs, the increase in daily ME intake resulted in an increase in daily HP (P , 0.01) ( Table 3 ). The FHP was higher for the highest FL than for other FL (P , 0.01) and TEF increased between extreme FL (P , 0.01). The daily AHP was not affected by FL and period of measurements. When the proportion of ME dissipated as AHP c was assumed to be constant, the TEF c :ME ratio and k mg were not affected by FL. The ME m , calculated as the ratio between FHP and k mg , was reduced (P , 0.01) when FL decreased and was also affected by period of measurement (P = 0.04) in connection with the variations in ME intake (P , 0.01).
In trial 3 on pigs, the addition of a dietary supplement to the basal diet resulted in an increase in ME intake (P , 0.01) ( Table  4 ) and total HP, which was higher with diets P3 and P4 than with diets P2 and P5 (P , 0.01). The FHP was lower in pigs fed basal diet P1 than in pigs that also received the dietary supplements (P = 0.01 for the contrast analysis). The TEF varied between basal diet P1 and when starch and corn gluten were added in diet FIGURE 1 Relationship between HP c or FHP and ME intake (Table 4, Eq. 3) in veal calves for calculating maintenance ME requirements (trial 1). The 2 continuous parallel lines A originate from the relationship between HP at zero ME intake (i.e., FHP) and HP at the amount of ME intake by each calf (Table 4 , Eq. 3) for the lowest and highest ME intake. The slope of line A equals (HP c 2 FHP)/ME and the complement equals the efficiency of utilizing ME for maintenance and growth. Line B corresponds to the conventional relationship between HP c and ME intake. The complement of the slope equals the efficiency of utilizing ME for growth. BW, body weight; FHP, fasting heat production (at zero activity HP); HP, heat production; HP c , HP corrected for physical activity; ME, metabolizable energy; ME m , maintenance ME. values within a row for different stages with different superscripts differ by pairwise comparison, P , 0.05. AHP, activity-related HP; AHP c , corrected activity-related heat production; BW, body weight; FHP, fasting heat production (for zero activity heat production); k mg , efficiency of utilizing metabolizable energy for maintenance and growth; FL, feeding level; HP, heat production; ME, metabolizable energy; RSD, residual SD; S, stage of fattening; TEF, thermic effect of feeding; TEF c , thermic effect of feeding when activity was corrected; ME m , maintenance metabolizable energy requirements. 2 k mg = [1 2 (AHP c +TEF c )/ME]; ME m = FHP/k mg .
Heat production modeling in growing pigs and calves 1857 P3 (P , 0.01). The AHP was not affected by dietary treatment. When data were corrected for a constant AHP c :ME ratio, the addition of dietary supplements affected the proportion of ME, which was dissipated as TEF (P , 0.01) between the addition of vegetable oil and starch and the addition of corn gluten and starch. Consequently, the k mg varied conversely due to variations in specific k mg of each dietary nutrient (55, 61, 82, and 85% for corn gluten, casein, corn starch, and vegetable oil, respectively, from the PROC NLIN model). The ME m was lower for the basal diet P1 than for diets P2, P3, and P4 and it was higher when starch and casein were added (treatment P4) than when vegetable oil was added (treatment P5; P , 0.01).
The effect of trial (trial 2 vs. trial 3) in the combined regression analyses between FHP and ME intake [kJ/(kg BW 0.60 × d)] did not affect the slope or the intercept of Eq. 5 (Table 2) . In trial 2, ME m calculated from Eq. 6 (Table 2 ) equaled 635 kJ/(kg BW 0.60 × d) and the efficiency of using ME for growth equaled 60%. In trial 2, the heat increment between HP c and FHP was not affected by FL (Eq. 7a for trial 2; Table 2 ). According to variations in the intercept of Eq. 7a (Table 2) , the calculated ME m increased from 822 to 1003 kJ/(kg BW 0.60 × d) when FL increased. In trial 3, a similar covariance analysis with dietary treatment as main effect (Table 2 , Eq. 7b) indicated that the slope of the relationship was higher for treatment P3 than for other dietary treatments, whereas the intercept of the relationship was lower for treatment P1. As a consequence of variations in feed intake and nutrient composition, the calculated ME m from Eq. 7b varied from 882 to 1028 kJ/ (kg BW 0.60 × d).
Discussion
At least in growing animals, maintenance requirements are mainly calculated from a 2-stage linear model applied to experimental data as the breakpoint between energy intake that results in an energy balance of zero (1,2). The extrapolated energy balance (absolute value) at zero feed energy intake is an estimate of FHP but requires extrapolating to zero ME intake, whereas experimental ME intakes are often much higher than ME m .
Moreover, it is assumed that the estimated FHP is not affected by FL. Alternatively, FHP can be directly measured in feed-deprived animals. Nevertheless, the required duration of starvation is arbitrary, because HP continues to decrease after 2 d of feed deprivation (20) due to remnant digestive, absorptive, and metabolic processes (21) , whereas a prolonged duration of feed deprivation may result in behavioral disturbances or metabolic adaptations of the animal to starvation. In our experiments, FHP was estimated from a regression modeling approach (13) as the horizontal asymptotic value of the decreasing HP kinetics during starvation with exclusion of the energy expenditure due to 1 For each dataset unless stated, the statistical model was Y = a + b 3 X. Preliminary covariance analyses were performed on the data from trials 2 and 3 with the trial as a fixed effect that was not significant, either on the intercept or the slope of the relationship in Eq. 5 and 8. FHP, fasting heat production; FL, feeding level; HP c , daily HP, corrected for physical activity; ME, metabolizable energy; ME m , maintenance ME requirements calculated as FHP/k mg ; MSE, mean square error; S, stage of fattening. 2 Covariance model where Y equaled either FHP or actual HP c and corresponding X equaled either 0 or actual ME intake. 3 FL, S, and FL 3 S were the fixed effects on the intercept or the slope of the relationship. They were not significant on the slope of the relationship, but the intercept varied from 261 to 322 kJ/(kg BW 0.85 × d) due to the effects of FL (P , 0.01) and stage of fattening (P , 0.01). 4 FL was the fixed effect. It was not significant on the slope of the relationship, but the intercept increased from 608 to 742 kJ/(kg BW 0.60 × d) when FL increased (P , 0.01). 5 The dietary treatment was the fixed effect. The slope of the relationship decreased from 0.25 to 0. Values within a row for different FL with different superscript differ by pairwise comparisons, P , 0.05. AHP, activity related HP; AHP c , corrected AHP; BW, body weight; FHP, fasting HP (at zero activity HP); FL, feeding level; HP, heat production; k mg , efficiency of using ME for maintenance and growth; ME, metabolizable energy; ME m , maintenance metabolizable energy requirements; RSD, residual SD; TEF, thermic effect of feeding; TEF c , TEF when activity was corrected. 2 k mg = [1 2 (AHP c + TEF c )/ME]; ME m = FHP/k mg . physical activity. With this method, the estimate of FHP is not biased by behavioral disturbances during starvation. In veal calves (trial 1), the extrapolated HP c at zero ME intake (Eq. 2 in Table 2 ) is similar to previous estimates based on the same calculation method [115-189 kJ/(kg BW 0.85 × d)] (22,23) but represents only 50% of the measured FHP (Table 1) . A similar difference can be observed in growing pigs between extrapolated and measured FHP values (Tables 2 and 3 ). These differences are indicative of the inability of the relationship between HP and ME intake to provide a good estimate of FHP value in fed animals, which may not even be different from zero (24) . In addition, the slope and the intercept of the relationship between HP and ME intake depend on the characteristics of the feed but also on the extent of the metabolic and behavioral adaptations of the animal to variations in energy intake, resulting in important variations between studies.
According to our method, FHP in pigs with previous FL close to ad libitum (Tables 3 and 4 (Table 1) is consistent with values measured during previous experiments with feed-deprived calves at similar ME intakes before starvation [300-350 kJ/(kg BW 0.85 × d)] (31,32). Nevertheless, no indication of the contribution of physical activity was provided for these studies, whereas starvation or at least a reduced FL can cause behavioral disturbances (33) . According to previous measurements (28, 29, 34) , ;9% of ME intake was dissipated for physical activity. If one-half this energy expenditure is included in the estimate of FHP, this would result in an overestimation of FHP by 9% in veal calves and 14% in growing pigs maintained individually in a metabolism cage.
The reduction in ME intake resulted in a decrease of FHP in our 3 trials. In veal calves, FHP decreased by ;0.22 kJ/kJ ME decrease ( Table 2 , Eq. 1); this is consistent with previous measurements in veal calves after 1 d of starvation (0.28 kJ/ decreased kJ ME intake) (32) . In growing pigs, the effect of a reduction in ME intake is less pronounced than in veal calves, because the slope of the relationship between FHP and ME intake was 0.14 kJ/kJ (Table 2) . Overall, our data indicate that the animal is able to adapt its minimum level of HP (i.e., FHP) to its ME intake (5, 26) , but the degree of adaptation seems to differ between species or breeds (26, 35) . In contrast, FHP did not depend on diet composition in trial 3, which agrees with previous results in veal calves (10) .
In our trials, measurements of HP and FHP in the same animal allowed calculating the heat increment due to ME intake as the slope of the relationship between HP (including FHP values) and ME intake (Fig. 1) . The complement of this slope is equivalent to k mg or to the ratio between net energy and ME contents of the diet, calculated with a constant AHP:ME ratio. In the experiment with veal calves and in the first experiment with growing pigs, there was no significant effect of FL on k mg values. Values for pigs (mean, 73.9% in trial 2) were equal to the mean value measured on a large number of diets for the ratio between net energy and ME contents (mean, 74%; range, 69-77%) (36) . In the 3rd trial in growing pigs, variations in k mg between diets were related to the differences in nutrient composition; the addition of protein in the diet decreased the k mg , whereas the addition of starch and vegetable oil increased it according to the results obtained by van Milgen et al. (8) and Noblet et al. (36) . In veal calves, the k mg averaged 84.3%, which was slightly lower than a previous estimate [88%, calculated as (FHP + retained energy)/ME] (32), but the latter value was obtained in veal calves younger than 1 mo of age (37) .
The FHP value can be considered as an estimate of the net energy requirement for maintenance and does not depend on diet composition. When ME m is calculated as FHP/k mg , our ME m values for a near to ad libitum ME intake (2. Table 2 ; 752-907 kJ/(kg BW 0.60 × d)] (38) (39) (40) . Nevertheless, we observed that FHP (and thus estimated ME m ) was reduced when pigs and calves were fed below their ad libitum level. When the intercept of the relationship between HP and ME intake is not fixed as a constant (Eq. 7a,b), the ME m of pigs for a near to ad libitum ME intake were higher than previous literature values and consistent with those obtained from the ratio between FHP and k mg [ Estimated ME m decreased in both growing calves and growing pigs when ME intake was reduced, in agreement with previous observations in veal calves (22) , ruminants (4, 42) , and growing pigs (24, 41) . Additionally, this variation contributes to explain the difference in energetic efficiency between genetic lines of pigs selected for their residual feed intake (27) . Several hypotheses have been suggested for explaining the effect of ME intake on FHP (and thus ME m ). Indeed, the size of organs of the digestive tract depends on FL (4, 24, 43) . Due to their specific energy use (44, 45) , variations in their size may greatly influence FHP (5, 46) . Additionally, increasing FL should increase muscle protein turnover (47) and the latter may also increase ME m .
In veal calves, the slope of the linear relationship between ME m and ME intake (Table 2, Eq. 4) was about twice that previously calculated (0.27 vs. 0.13 kJ/additional kJ ME intake) (42) , whereas the slope for growing pigs (0.17 kJ/additional kJ ME intake; Table 2 , Eq. 8) was intermediate between values estimated from previous data (0.38 and 0.13 kJ/additional kJ ME intake) (24, 41) . Nevertheless, part of the difference may be related to the difference in breeds and their ability for metabolic adaptation to FL. Unfortunately, there is no literature information supporting or invalidating this hypothesis. Additionally, the ME m in these latter studies were calculated as the difference between ME intake and amount of ME used for protein and lipid deposition and they are highly dependent on the efficiencies of using ME for protein and lipid deposition that are used in the calculations. Our methodology offers the opportunity to have a direct estimate of ME m (FHP), which does not depend on these efficiencies; it may be more representative of the ME m in growing pigs and calves. Additionally, the artificial distinction between what refers to maintenance and what refers to growth in ME intake of growing animals is no longer needed for determining the HP response.
In our study, energy requirements of growing pigs and calves were classically divided between a component due to maintenance requirements and a component due to BW gain, but the approach offers the opportunity to account for the effect of FL on maintenance energy requirements. Additionally and despite the classical regression between HP and ME intake where the intercept (for calculating ME m ) and the slope (for calculating energetic efficiency) of the relationship are highly correlated, the only source of variation in this study was FL for the maintenance requirements and nutrient composition for the energetic efficiency. This novel approach offers the opportunity to improve the accuracy of estimation of energy requirements for growing pigs and calves and may result in decreasing the feed cost in farms animals. It also confirms the hypotheses used in feed energy systems.
